The importance of the concept development phase in product development is contradictory to the level and amount of current computer-based support for it, especially with regards to mechanical design. Paper-based methods for conceptual design offer a far greater level of maturity and familiarity than current computational methods. Engineers usually work with software designed to address only a single stage of the concept design phase, such as requirements management tools. Integration with software covering other stages, e.g. functional modeling, is generally poor. Using the requirements for concept models outlined in the VDI 2221 guideline for systematic product development as a starting point, the authors propose an integrated product model constructed using the Systems Modeling Language (SysML) that moves beyond geometry to integrate all necessary aspects for conceptual design. These include requirements, functions and function structures, working principles and their structures as well as physical effects. In order to explore the applicability of SysML for mechanical design, a case study on the design of a passenger car's luggage compartment cover is presented. The case study shows that many different SysML diagram types are suitable for formal modeling in mechanical concept design, though they were originally defined for software and control system development. It is then proposed that the creation and use of libraries defining generic as well as more complicated templates raises efficiency in modeling. The use of diagrams and their semantics for conceptual modeling make SysML a strong candidate for integrated product modeling of mechanical as well as mechatronic systems.
INTRODUCTION
This paper describes the development of computational models for the early phases of product development focusing on an integrated product model for mechanical design using the Systems Modeling Language (SysML). The aim is to explore the possibility of moving away from paper-based methods, informal models and documents and transitioning to integrated and formal product models. These models are actively used for design and representation of a product during development rather than purely as a documentation tool.
In mechanical engineering, systematic approaches to design and develop technical systems and products are driven by the need to improve efficiency of the design process. Many paper-based methods for early phases of product development and concept design are documented in literature [1] [2] [3] [4] , e.g. specification tables, charts, design catalogues or morphologic matrices. In practice, these methods produce different incompatible documents and models as each method results in a description of one particular aspect of the product. Computational support for these models is mostly limited to the application of office software for creating text, diagrams and spreadsheets. Further, there is often little possibility for direct re-use of models due to their informal nature.
Integrated product models as the accumulation of all information describing a product from different viewpoints throughout the product life cycle from concept development to product disposal -exist mainly in academic research only. We follow this definition of the integrated product model for the phase of conceptual design. However, in the last ten years, great efforts have been made in the domain of formal modeling approaches to systems engineering, e.g. the Unified Modeling Language (UML) in software engineering. This has recently been extended to the Systems Modeling Language (SysML) to 
Proceedings of the ASME 2009 International Design Engineering Technical Conferences & Computers and Information in Engineering Conference

DETC2009-87239
consider engineered systems in general, potentially consisting of software, electrical and mechanical domains. Since its origin is in software, applicability to mechanical design has not been evaluted. From a mechanical engineering viewpoint this is interesting given the growing number of mechatronic products in various industry domains. This also creates the opportunity for the application of the same model types across several domains in order to improve collaboration between engineers of different disciplines. However, since there are significant differences between mechanical and software engineering, the applicability of software engineering's specification language in mechanical engineering must be investigated to determine its suitability. This is the main driver behind the research presented in this paper.
The following section reviews the conceptual design process, current computational support, product models and formal modeling languages for model-based systems engineering. An integrated product model based on SysML is then presented in Section 3, built-up by progressing through the conceptual design stages and illustrated through the case study of a car luggage compartment cover. Section 4 presents an analysis of SysML for product modeling in conceptual design and the paper finishes with a brief discussion and conclusion.
BACKGROUND
In the following the background to the design process, computer aided support, product models and model based systems engineering is presented.
SYSTEMATIC APPROACH TO THE DESIGN PROCESS
Methods for systematic product development have been an active area of research for many years of which Pahl et al. [2] provide one of the most well known approaches. Systematic product development starts with a general description of the design process and ends with detailed methods to realize concrete steps of single tasks within that process.
A general motivation for their development, next to teaching, was designing better systems faster. To provide a consolidated view of systematic processes and methods for product development, the VDI guideline 2221 entitled "Systematic Approach to the Design of Technical Systems and Products", [5] was developed in Germany in 1986 and revised in 1993 [6] . This standard is also interesting for this research since it describes the requirements for parallel computational support.
The overview in Fig. 1 illustrates the product development process in the VDI guideline 2221. The right column breaks down "Design" into three phases, each of which is broken down into a series of stages. Conceptual design is chosen for the scope of this work as it is generally thought to be the most difficult for computational modeling. The single stages in conceptual design are explained further in Section 3.
As the guideline is generic for the mechanical engineering domain, which is the scope of this paper, and the most common in Germany, the authors use it to define basic model requirements for supporting conceptual design. These include modeling requirements, functions and function structures, working principles and working structures as well as physical effects. At this level, these main components can be found in various conceptual design processes [1, 3, 4, 7, 8] , thus making the models developed applicable as a starting point for modeling within other design processes. 
COMPUTER-AIDED SUPPORT
Most systematic product development processes lack the necessary computer-based support. Recommendations for a computer-aided approach to support the procedures outlined in the VDI 2221 guideline are explained in detail in [6] . The process model attempts to integrate work and information flow and support flexible applications of different types of product development such as original design, adaptive design and variant design.
Four main areas of computational support are identified within the guideline that cover major requirements linked to stages and tasks. In Table 1 a translated and extended extract from [6] is summarized. The left column shows the four major elements of computational aid: product models (PM), editors (ED), operational methods (OM), and data, information and knowledge bases (DKB). The second column describes the contents of the corresponding element while the right column describes the design process tasks that are supported by it. The table only shows the three stages relevant for this paper of the seven-staged design process. The output of different stages and tasks are also indicated.
The first area of support is product models (PM) and provides an important base. According to the given definition of and integrated product model it is rather one aspect of whole model. The integration covers the three stages of conceptual design. The product model should be an active representation for designing rather than as a passive documentation tool, which is common today. It should evolve in parallel with the product itself and move beyond its roots in mainly describing information linked strongly to geometry. Product models should provide a holistic representation of product information, store product information, provide access to product information for all, provide for exchange of product information among disciplines, groups and companies and provide for re-use of product information. Research on computational support for product models is discussed in more detail in Section 2.3. The second area of support is editors (ED) that contribute with simple, clear, flexible and easy-to-use user interfaces for working with all other framework aspects. The requirements for such tools are highly linked to the type of product model representation, e.g. text-based, graphical, graph-based or otherwise. While highly important for integration of tools in practice, this aspect is beyond the scope of the paper. The third area of support is operational methods (OM) that are necessary for supporting tasks such as analysis, constraint solving, search for information, knowledge and solutions as well as evaluation of design alternatives. Such methods should build on top of formal and computable product models (PM).
The fourth area of support is data, information and knowledge bases (DKB) that store both generic knowledge as well as models of past designs for re-use. Therefore the information structure of generic knowledge must fit with the integrated product model or the part of the model under work respectively. Additionally the structure of the product model has to be designed in a way that allows the indexing and extraction of information for reuse.
Although this approach was recommended in a guideline sixteen years ago, the high-level requirements set forth are still not fully achieved nor integrated. Rather, they are only realized partially in distributed pieces of research and software. For example, requirements management tools aim to cover all four areas of software support, but only for the first stage. Knowledge management and knowledge-based engineering tools aim to formalize, store, retrieve and re-use knowledge. Some of them are applicable in concept phase, however are not often integrated with, for example, requirements models. Further, most are limited either to text-based knowledge or on the other end of the spectrum are integrated within CAD tools and focus more on rule-based parametric modeling and constraint solving. Inclusion and integration of function, working principle and requirement representations, which are crucial to concept design, lag behind.
PRODUCT MODELS
In a recent survey Fenves et al. [9] identify three levels of computational information generation and exchange. Starting with (1) computer aided design (CAD) for spatial product descriptions, advancing to (2) computer aided product development (CAPD), that covers the collection of engineering processes and tools for product design, and (3) computer aided product realization (CAPR) referring to the totality for business processes that deal with the whole product life cycle (see Fig.  1) . Except the first level information exchange beyond geometry is demanded for capturing information of product planning, conceptual design and for later product life phases like service, maintenance and disposal. Within that survey CPM [10] and MOKA [11] are presented as approaches towards holistic product representation and information exchange for CAPD and CAPR processes. MOKA uses the term "product model" to describe a model of an entire product family. The CPM was initially conceived as a basis for future CAPD information exchange. They both share an information structure for related non-geometric and geometric information and incorporate different viewpoints according to related business processes.
With a strong focus on artificial intelligence FBS (Function-Behavior-State) [12] proposes a knowledge representation scheme in order to map basic functions to behavior and design objects. The implemented tool was experimentally tested by designers. Advantages of the modeling tool are the representation of abstract concepts, side effects could be checked during first steps of design and a set of components fulfilling functions were presented. On the other hand, represented functions were ambiguous by nature and a possibility to calculate the modeled artifact quantitatively lacked. With the results of a first FBS implementation a new system KIEF (Knowledge Intensive Engineering Framework) [13] was developed by Yoshioka et al.. An ontology and knowledgebase enhanced the implementation. The framework incorporated more viewpoints called concepts, for example available concepts, computable concepts, related concepts and data exchange that form the knowledge about an entity.
The common structural elements identified from the four examples of product models are function, behavior and structure. Next to requirements these are the key elements for synthesis in conceptual design addressed in the [14] , from which that definition is vision illustrates the use of a singular model, rather than documents, for capturing requirements, analyzing problems and designing systems. The overall objective is to replace document-centric working style with a model Consequently, the generated product models will be used for data exchange as well. To provide a common foundation for these models the Object Management Group (OMG) [15] developed and released Systems Modeling Language (SysML), which evolving standard ISO 10303 AP233 [16] . With this standard SysML is targeted to become a widely accepted specification language for the exchange of product specifications and non geometric information in the way that IGES and STEP are for CAD data. SysML is not a data format since realized with XMI, a special XML schema for UML and SysML modelers for diagram interchange. SysML product model itself, rather, it is a means to describe the contents of product models.
MODEL-BASED SYSTEMS ENGINE
As a modeling language, SysML is a subset of the Unified Modeling Language version 2.1 (UML 2) extended by additional diagram types. It represents notation and semantics in diagrams. Diagrams are classified into requirement, behavior, structure and parametric diagrams. At first glance, there is some resemblance to elements of the design process in Table 1 . But the term 'behavior' is used in the sense of intended behavior according to Fenves et al. [10] functional requirements.
SysML offers nine different diagram types representing different aspects of a system. An overview is given in Fig. 2 . Activity diagrams represent the behavior of the system in terms of sequences of actions based on the availability of inputs, outputs and how the actions transform inputs to outputs. This fits more with 'function' than 'behavior' 4 possibility to calculate the modeled artifact quantitatively lacked. With the results of a first FBS implementation a new system KIEF (Knowledge Intensive Engineering Framework)
. An ontology and knowledgebase enhanced the implementation. The framework incorporated more viewpoints called concepts, for example available concepts, computable concepts, related concepts and owledge about an entity. The common structural elements identified from the four examples of product models are function, behavior and Next to requirements these are the key elements for addressed in the study. definition is taken. This , rather than several analyzing problems and objective is to replace a with a model-centric one. els will be used for a common foundation for these models the Object developed and released the , which meets the With this standard, a widely accepted specification language for the exchange of product specifications and non-IGES and STEP are for since data exchange is realized with XMI, a special XML schema for UML and . SysML is not the a means to describe the a modeling language, SysML is a subset of the Unified Modeling Language version 2.1 (UML 2) extended by additional diagram types. It represents notation and semantics in diagrams. Diagrams are classified into requirement, ric diagrams. At first glance, there is some resemblance to elements of the design process in Table 1 . But the term 'behavior' is used in the sense of intended in order to refine SysML offers nine different diagram types, each different aspects of a system. An overview is given Activity diagrams represent the behavior of the system in terms of sequences of actions based on the availability of inputs, outputs and how the actions transform more with 'function' than 'behavior' as the terms are used in this paper. Use case diagrams describe how a system is manipulated by actors, which portrays the main function from the point of view of its environment last two behavior diagrams, sequence diagrams, describe the exchange of information between system elements and the transitions between states triggered by events respectively. Since those are not essential to the conceptual design process they are not described within this paper. Due to a marginal meaning for the study they are not described in the paper. They have a good contribution to mechanical locking systems and information intensive systems The representation of working principles in SysML with structure diagrams and parametric diagram representation is not suitable there is still creating a new profile by adding of SysML.
BASED SYSTEMS ENGINEERING
In mechanical engineering focusing on the integration of SysML with simulation tools been carried out. Jobe et al. aspect component models. component taxonomies with analysis models in Johnson et al. [19] apply triple SysML models into simulation models. While the systems model presents the overall context model is used to evaluate works in both directions the results can be systems model.
INTEGRATED PRODUCT MODEL CONCEPTUAL DESIGN
This section first identifies the SysML in conceptual design next tests and evaluates the applicability of SysML diagrams these tasks and model needs mechatronic, or electro-mechanical applicability is the main research question since of UML and SysML are already software and controls aspects. conceptual design that is illustrated in Table 1 . For each task sections one or more appropriate Copyright © 2009 by ASME as the terms are used in this paper. Use case diagrams describe how a system is manipulated by actors, which portrays the main function from the point of view of its environment [17] . The last two behavior diagrams, sequence and state machine diagrams, describe the exchange of information between system elements and the transitions between states triggered by Since those are not essential to the conceptual design process they are not described within this Due to a marginal meaning for the study they are not described in the paper. They have a good contribution to mechanical locking systems and information intensive systems.
of SysML diagrams [15] working principles in SysML is done with structure diagrams and parametric diagrams. In case a representation is not suitable there is still a possibility of adding to or modifying the semantics
In mechanical engineering design, extensive research the integration of SysML with simulation tools has et al. [18] focus on re-usable multiaspect component models. They organize combinations of taxonomies with analysis models into matrices. triple-graph grammars to transfrom to simulation models. While the systems context of the system, the simulation model is used to evaluate its behavior. Since this mechanism works in both directions the results can be fed back into the PRODUCT MODEL FOR CONCEPTUAL DESIGN identifies the requirements for using SysML in conceptual design in mechanical engineering and the applicability of SysML diagrams to and model needs. In terms of ability to model mechanical products, this question of is the main research question since the capabilities of UML and SysML are already established for modeling software and controls aspects. We follow the process of conceptual design that is described in Section 2.1 and 1. For each task described in the following appropriate SysML diagrams suiting the task are constructed. The diagram types are evolving integrated product model of the system
IDENTIFIED REQUIREMENTS
The major requirements for integrated conceptual design are identified based on the background reviewed previously. The main requirements include:
1. representing and linking requirements, functions, working principles and a working computer interpretable digital model 2. supporting multiple levels of abstraction and detail in conceptual design, 3. potential for re-use of models and partial models, 4. creating easily understandable representations of the product model for designers to work with. What is excluded from these requirements dependent aspects such as graphical interfaces support tools such as constraint solvers, search functions and libraries. Although we recognize that these for user friendly software systems they lie out SysML as a modeling language and therefore out of of this paper.
PEOPLE INVOLVED
During the conceptual design process people are involved in the development of a product with SysML ensures that at least two groups of people involved: designers and consumers of the models. must possess a good understanding and practic SysML modeling and systematic methods development. 'Consumers' refers to those who need to and understand partial models, i.e. some of the diagrams, but do not need to model systems themselves. They are often colleagues in other departments or managers. need not be familiar with all diagrams nor must they know the specific details of each diagram type. Designers should ensure that the information they intend to show is understandable from the diagram in a way plain text.
The role of the modeling designer is enterprise structure. If there is a system architect keeping oversight of a product development process making the teams work together efficiently would manage the overall model while conceptual designers contribute with department or domain specific models. In other cases, the responsible person for the performance of the system should determine where the modeling designer should be placed within the organization.
CASE STUDY
The example used for this investigation compartment cover, a subsystem of a vehicle. to protect the luggage compartment and its contents from sunlight and viewing.
The basic system as shown in Fig. 3 is purely mechanic It has to be operated by a vehicle occupant 5 . The diagram types are used to create an of the system. integrated product models in are identified based on the background . The main requirements include: requirements, functions, working structure in a computer interpretable digital model, supporting multiple levels of abstraction and detail in use of models and partial models, and understandable representations of the to work with. these requirements are existing tool graphical interfaces and built-in search functions and e points as essential outside the scope of therefore out of the scope During the conceptual design process a large number development of a product. Modeling that at least two groups of people must be : designers and consumers of the models. Designers a good understanding and practical knowledge of SysML modeling and systematic methods for product those who need to view and understand partial models, i.e. some of the diagrams, but do . They are often or managers. These people must they know all . Designers should to show is directly other than through is depends on the a system architect tasked with of a product development process and efficiently, then that person conceptual designers contribute with department or domain specific models. In other for the performance of the entire where the modeling designer should used for this investigation is a luggage ubsystem of a vehicle. It is used in cars to protect the luggage compartment and its contents from is purely mechanical. has to be operated by a vehicle occupant in order to be opened and closed. It can be disengaged by pulling the retaining pins out of the guiding tracks. to add some ergonomic comfort to this be modified so that by slightly touching the cover it opens automatically and the retaining pins are guide case the rear seats are folded luggage, the cartridge should be
The cover consists of a roll. Self-retraction occurs when the retaining pins are released from the tracks. To make the roll a cartridge that is attached to the upper front end of the vehicle's luggage compartment just be To close the cover, a vehicle occupant handle, situated at the end board, pull the canvas the guiding tracks and secure the track. When the back door is closed the end board gap between back door and retaining pins. Several different viewpoints of the conceptual design process for this system now be illustrated.
For all diagrams shown in the case study modeling tool TOPCASED was used differ from the SysML specification.
FIRST STAGE: DEFINE
The first task is to formulate and Clarification is done by Formulation involves the definition of the main goals of the task. Typically this text should be agreed on with all stakeholders and developers. for this particular task is probably unnecessary makes sense to document the result of this task model to provide formalized documentation of this stage It should be placed at a hi model. The first requirements overall task description. If there is no requirements from previous designs table of categories to identify types of requirements. Requirements can be questioned Requirements are formulated collection and analysis of requ Copyright © 2009 by ASME It can be disengaged by pulling the retaining pins out of the guiding tracks. The designer's task is comfort to this system. The system is to slightly touching the cover it opens automatically and the retaining pins are guided in the tracks. In the rear seats are folded down, in order to transport bigger should be removable. The cover consists of a self-retracting spring loaded canvas when the retaining pins are released from the tracks. To make the roll hold firmly, it is inserted into a cartridge that is attached to the upper front end of the luggage compartment just behind the rear seats.
Case study: luggage compartment cover a vehicle occupant must grab the situated at the end board, pull the canvas down along secure it to a hook-like part at the end of . When the back door is closed the end board fills the door and retaining pins. Several different the conceptual design process for this system will For all diagrams shown in the case study, the open-source modeling tool TOPCASED was used and illustrations may differ from the SysML specification.
FIRST STAGE: DEFINE AND CLARIFY TASK
formulate and clarify the design task. by discussion with stakeholders. the definition of a short text that exposes of the task. Typically this text should be agreed with all stakeholders and developers. Using a modeling tool is probably unnecessary. However, it the result of this task in the product to provide formalized documentation of this stage [20] .
high level in an integrated product
The first requirements can usually be inferred from the . If there is no existing list of requirements from previous designs, the designer may use a o identify types of requirements. Requirements can be questioned by stakeholders of the product.
equirements are formulated in a solution neutral manner. For of requirements a requirement diagram is used; see Fig. 4 . The creation of this diagram can be guided by a set of rules for the designer to use. The last task in this stage is to draft a design process plan, often supported by project management tools. However, in SysML it could be modeled and integrated in an activity diagram similar to what is shown later in Fig. 5 for the product itself.
REQUIREMENT DIAGRAM
The requirement diagram provides requirements, test cases, packages, views and viewpoints as modeling objects and seven different path types to define different kinds of relations between objects (FigureFig. 4) . A requirement object contains a unique identification and a text for its description. Packages and containment paths can be used for structuring requirements. Containment paths, denoted by crosshair symbols, are used to provide a hierarchy for requirements where higher level requirements are linked to lower level requirements. Packages are intended for creating hierarchy independent groups. Views are specialized packages that represent a certain viewpoint like the "mechanical system" viewpoint in FigureFig. 4 . In addition to containment paths, a verify path and a satisfy path to a test case and a block are available. A view can be imported to a viewpoint representation. To assess the applicability of the requirements diagram, we simply compare it to a standard requirements list. In contrast, the requirements table scheme proposed by Ehrlenspiel [21] contains a unique id, attribute-value pair, unit, source/explanation, weight, date, editor and further columns to document changes of requirements. That scheme is intended to be used flexibly; sometimes values are not required and cells may remain empty. While the information types are useful, table representations of requirements do not support relations among requirements and to other elements in product models outside the requirements model, e.g. test cases for verifying requirements.
EVALUATION OF FIRST STAGE
The advantage of the diagram is that one object represents one requirement. With a graph style arrangement and properly set paths, it gives a structured overview of how requirements are related. Unlike SysML many other requirement listing techniques force the user to organize the requirements hierarchically. Individual objects can easily be traced to one another. Requirements are integrated in a systems model and not in another file or tool.
Disadvantages of the diagram include the fact that requirements are not represented as detailed as in the list schema. By extending the SysML profile more details can be added to requirements. However, from a usability viewpoint, with more than 30 requirements either a larger paper or monitor size (than A4/US letter) is required to view the diagram. Cascading of requirements may help but in this case engineers are forced to work either within a certain viewpoint or on a certain level within the hierarchy of requirements. In that case a table representation, also specified in SysML but not implemented in the authors' model, may be more suitable.
Requirements management tools may provide existing information that may also be transformed into a requirements diagram as the starting point for creating a concept model. It is essential that requirements are kept free of redundancies and contradictions and changes can be traced. Up to date, no method for tracing changes is outlined in SysML literature. Via profile modification, additional attributes like date of change and version number can be realized to trace changes of requirements.
To address the need to re-use partial models, requirements collected in packages can be stored as libraries and imported to new design projects. This is especially useful when complete specifications do not change very often and for providing a starting point for an adaptive design project.
SECOND STAGE: DETERMINE FUNCTIONS
Defining the overall function and basic sub-functions along with their structures are the first two tasks of this stage. Since two hierarchical levels are required for these tasks, different diagrams can be applied. Use case diagrams are suitable for describing product functions from the actor's (user's) perspective. The decomposition into sub-functions can then be accomplished with activity diagrams. According to Pahl et al. [2] a function is a solution neutral description of transitions from inputs to outputs represented by a verb-noun pair. It follows that a high level of abstraction is important in this stage to remain solution neutral.
The decomposition of a primary function into basic subfunctions can also be used in adaptive product design. The focus of modeling functions in this case is on varying the structure of functions by means of replacing, reordering, adding or deleting functions. For new products, function structure alternatives need to be generated and evaluated.
Assigning flows to functions establishes the necessary connectivity that is then realized by working principles. Flows can be material, energy and signal. The appearance of flows, either discrete or continuous, can be modeled as well.
Relating requirements is a means of linking required information to related activities or blocks in order to simplify the selection of physical effects and principle solutions in the next stage. In the requirement diagram (Fig. 4) this is shown by the satisfy link to a block.
USE CASE DIAGRAM -USER PERSPECTIVE
Use cases describe the functionality of a product in terms of how actors interact with it. Actors may be humans or other external systems. This diagram type is used for environmentcentered functional modeling representing the user perspective. The example describes the automated luggage compartment cover as a mechanical system. In Fig. 5 the hatchback control (HB_control) interacts with the automated open/close mode and is therefore represented as an actor. Special cases like disengaging the cover in order to load higher luggage pieces (only possible when the cover is closed) are modeled as extensions. From the diagram, it can be determined that if the system is automated, the cover cannot be operated manually. Another aspect of the system is that the automated system has more interfaces to the vehicle than the basic version without automation.
ACTIVITY DIAGRAM -DEVICE PERSPECTIVE
Traditionally in this stage relational or functional flow diagrams are used. Friedenthal et al. [22] describe activity diagrams as providing enhanced capabilities over traditional flow diagrams. The building blocks represent actions. Each of them can accept inputs and produce outputs on their pins. Actions are at the atomic level, thus they should represent basic functions, e.g. as characterized in Pahl et al. [2] . A taxonomy of functions and flows in an abstract form is also given by the research to create a functional basis [23] . Less abstract levels may seem simpler but only basic functions allow a direct linkage to physical effects. The example shown in Fig. 6 shows an activity diagram for closing a luggage compartment cover. Defining and allocating flows to functions is also possible in activity diagrams. Flows are represented by object flow paths that connect the pins of action nodes. Object flows consist of material, energy and information flows in contrast to the control flow that describes the sequence of actions executed within an activity, which was the original use in UML.
In Fig. 6 , the use case "close cover" from Fig. 5 is broken down into basic functions. When the cover is pulled out of the cartridge the rolled up stored material is transformed into a planar shape. At the same time energy is stored in the clockwork spring attached to the roll. It applies force to the cover in order to retract and roll it up into the cartridge. An object flow from outside the use case is introduced. It represents an energy flow from beyond the borders of the use case, in this case human energy that is needed to pull the cover to the closed position.
EVALUATION OF SECOND STAGE
The use case diagram shows the overall functions of a product. It is rather simple to show even special cases such as disengaging the cover, which cannot be done using an automatic system. The diagram adds value to the model by showing that the automatic use cases cannot be executed by different actors simultaneously. While the cover is operated by the control unit it cannot be operated by the occupant. Use cases can only be used to represent high-level main functions, since no flows can be assigned to them. Initially the representation of main functions is a black box notation with input and output flows. Use cases introduce the actor who demands or initiates the function.
The description of basic functions is somewhat more difficult. Activity diagrams are derived directly from UML and offer a wide variety of objects and paths. It is not easy to stick to the most abstract level of basic functions. To provide support for paper-based function modeling a checklist to help with the abstraction [3] and taxonomy of functions is given. Hirtz et al.
give a good overview about the most important function taxonomies in NIST's functional basis [23] . To translate these into computational methods, a library of basic functions and flows must be created. The SysML semantics prohibits the reuse of primitive actions such as those shown in Fig. 6 , which means that for the creation of libraries other activity types have to be used.
The linking of requirements to functions is a task that has to be performed by the designer. For this task SysML offers a great convenience since it is generally possible to set links within the model. In general, there is no template for this, rather, performance specific requirements indicate that certain functions are needed, e.g. big differences between input and output forces indicate that at least one of the basic functions is a "force amplifier". On the other hand requirements at this stage could not be complete and the modeling of functions may raise the issue of missing requirements.
THIRD STAGE: SEARCH FOR WORKING PRINCIPLES
So far, all product modeling activities are designed to be solution neutral. In this stage working principles are allocated to the abstract functional structures worked out in the previous stage. Working principle is synonymous with the term 'behavior' as defined in the Function-Behavior-State modeling approach by Umeda and Tomiyama [12] . Due to a different usage of the term in SysML (see Section 2.3) the term working principle is used in this paper. Traditionally the task of allocating working principles is alleviated by collections of physical effects and design catalogues of working principles and matrices to find working principles by input and output variables described by Roth [3] and Koller [4] . Working principles are driven by a physical, chemical or biological effect that is represented by a mathematical equation. The advantage of utilizing only known physical effects is that the number of applicable effects is limited. To find innovative solutions it is essential to find all feasible effects that realize working principles. Requirements, in the sense of design constraints, are used to determine if a working principle can be applied. For some effects the input output ratio within given constraints is too weak for them to be applied.
Furthermore is that principle solutions have to be combined to create the overall product structure. Here, the interfaces between combined principle solutions must be matched by type and by value. For example, a working principle with an output of mechanical rotational energy defined by rotational velocity and torque can only be combined with a working principle with the same input types and values. If outputs of one do not match the inputs of another, a transformation of energy function has to be added to the function structure. This auxiliary function has to be realized with a working principle as well, e.g. a gear train.
Another task is to represent the working principle in an easily understandable manner. Sketches help paper-based methods and also portray initial dimensions. In this stage new requirements can be discovered that must be added to refine the previous collection of requirements.
BLOCK DEFINITION DIAGRAMS FOR REPRESENTING WORKING PRINCIPLES
Defining blocks, their features and the structural relationship with other blocks is the main purpose of block definition diagrams (BDD). In this case, a block will either represent the product, an assembly part, a feature of the part, or an equation. Blocks are like classes in object-oriented programming, which means they are template specifications only. To describe principle solutions we define several block classes. The master is one block representing a working principle. It has a composite association path to a constraint block that provides the physical effect equation. Other composite paths lead to physical elements of the principle solutions. These elements are needed to describe interfaces and working surfaces. A simple example to illustrate this is a spring. The two ends, one attached to a support frame and the other free, are the objects that are described in the blocks. Torque and angle between the two ends are functional parameters or input/output parameters. Spring rate is the design parameter of the working principle that has to be varied to affect the demanded input/output ratio. The spring equation M=-k×α is situated in the constraint block. To apply a working principle block all design parameters have to be defined, either by defining an interval of possible values with lower and upper limits or by setting a starting value for design parameters. In the next steps, the configured blocks must be used in order to evaluate the working structure. In Fig. 7 the working principle of a spring is shown. Hooke's Law represents the physical effect. The spring block also includes the definition of other values such as maximum and minimum length and spring constant. To handle connectivity issues the two ends of the spring are defined as blocks as well. Sub-blocks contain information on how to attach the spring to a frame and a moving device.
INTERNAL BLOCK DIAGRAM (IBD)
Once the needed working principles have been identified, relations must be set between them, as defined in the function structure. We use IDBs to evaluate how working principles are interconnected to produce working structures. Properties are the primary structural elements for internal block diagrams. Part properties describe the decomposition hierarchy. An IBD can only be derived from a block; therefore the working principles to form a working solution have to be defined upfront. The IBD in Fig. 8 shows how the clockwork spring defined in BDD in Fig. 7 is used in a luggage compartment cover. The clockwork spring exerts a force on the cartridge, which is the frame as well as the sheave where the canvas is assembled at one end and rolled on. The connectors in this diagram represent the flows exchanged between the part properties representing working principles. Since there are many solutions for every function structure, a large amount of diagrams must be created and evaluated.
PARAMETRIC DIAGRAMS
From the same working structure block, a parametric diagram can now be derived. Similar to IBDs and part properties, the constraint properties are derived from constraint blocks. Parameters of the parent block (collecting block) are flush with the diagram border. After all constraint blocks are networked, the result can be calculated with a constraint solver.
After the parameters have been bound, they need to be checked for consistency. Similar to paper-based methods, parameters have to be adjusted for every technical solution. A preliminary check can be done by setting constraints and target values.
EVALUATION MODELING IN STAGE THREE
The current SysML specification provides generic diagrams that can be used to represent the necessary facets of this stage, namely working principles, their combination into principle solutions and representation of initial parameters. Note, that neither of the referenced authors in the area of design research mentions blocks or internal block diagrams; using blocks to represent working principles is an original contribution. Every working principle needs first to be modeled in a generic way in a BDD. Catalogues of working principles modeled in SysML and related physical effects are required. The internal block diagram shows how the principle solutions can be connected. Here, the interfaces and the connections have to be checked. The SysML syntax provides the possibility either of atomic ports, allowing only one direction of flow and an unspecified flow, or non-atomic ports, that require an upfront specification of flow. Static semantics prevents incorrect connections between ports. Properly modeled ports can be checked automatically either with modeler specific tools or with scripts. The performance of the system can be checked in parameter diagrams through use of a constraint solver.
Comparing and combining different solutions is one of the main tasks in Stage 3. The matching of functions to working principles often includes a one-to-many mapping. Moreover, some functions can be realized by single or combinations of several working principles. Paper-based methods apply morphology matrices to represent, combine and compare the realization of functions with working principles. Working with a computational model enables support for finding all possible solutions e.g. following an algorithm that implements Roth's human based process for selecting effects [3] and evaluating all possible solutions to present the best one to the designer. Furthermore, representations as rough spatial objects e.g. through CAD models, must be provided to enhance visualization of potential solutions and check complex spatial constraints.
ANALYSIS OF SYSML APPLICABILITY
The applicability of SysML as a model definition language for product development is presented focusing on the conceptual design phase. The systematic approach provided a useful guideline for selecting suitable diagrams for each task. The criteria for selecting the diagrams were determined by comparing the aim of each task with the descriptions found in SysML books [20, 22] . The diagram names and the tasks are not identical and certain diagram types may be used differently for different tasks. The basics of the approach, namely analyze the overall task, find a function structure and derive working principles can be mostly supported with SysML models. Table 2 provides an overview of what diagrams are used for which task in a systematic approach to concept design. Out of the four computational support areas in the VDI 2221 guideline, the main focus of this paper is on integrated product models using SysML. However, for good performance, libraries (DKB) and methods (OM) are also required. The table shows for what tasks we require new libraries and which of the three method types search, combine and evaluation we identify as essential. Tasks   Table 2 also shows that about 85% of the tasks in concept design can be covered with SysML diagrams. A great benefit is that all diagrams are incorporated in one model, can be interconnected and used throughout the process of conceptual design and passed to later phases. Using paper-based methods, one would have to produce at least five different documents that are not inter-related nor likely re-useable.
DISCUSSION
Computational product modeling is always challenging in terms of supporting conceptual design. It requires that requirements, functions, working principles, physical effects and their connectivity be defined formally. To utilize all opportunities presented by the modeling language's syntax, designers must analyze the aspect of the product that they want to model first and select the right representation for comprehensive modeling.
Knowledge bases specifically formulated for mechanical conceptual design modeling requirements, functions, working principles, physical effects in SysML are required now. Library development is particularly important to define a common way to model mechanical systems in SysML so as to increase the potential for re-useable models. Open issues remain in terms of the best, generic way to define such libraries. For example, physical effects could be modeled directly in BDDs such that equations can be directly calculated. Or, an automated link to Modelica [19] could be provided for evaluating working principles. These issues, among others, must be addressed in future research to create a firm foundation for using SysML in conceptual design.
Existing research and standard references can be used as sources of knowledge for functions and catalogues of principle solutions and physical effects for instance as defined by Koller in [4] . Transferring the information from these sources to digital libraries modeled using SysML will enhance the process of selecting functions and working principles. Without them, the effort required for modeling "from scratch" is generally too high, even for simple products. Once a library is available, search functions could then be used to select and propose appropriate functions or working principles "on demand". Also, conceptual solutions can be generated from a requirements model. For this to be realized, the proposed SysML based integrated product model needs to be combined with computational synthesis methods. This is under investigation to combine this research with a computational design synthesis method as described by Helms et al. [24] .
From a mechanical engineering user's viewpoint, a simplified graphical representation is still missing. The use of sketches to illustrate working principles and physical effects is highly intuitive for designers, also to illustrate major parameters. Another open issue to be considered is the link to geometric models, or the mapping of a non-geometric working structure to a geometric model. This is needed to link the models created in the conceptual design phase to the later embodiment design phase. Work is underway on this issue as part of the INCOSE MBSE challenge problem [14] .
CONCLUSION
This paper has shown the applicability of SysML as a formal modeling language applicable to the conceptual design stage of mechanical design. Combined with already proven capabilities for systems engineering, software and controls, it presents a potential formal modeling approach and a generic basis for integrated product models for a wide-range of products beyond mechanical alone. In terms of integration into a systematic product development process, the applicability of SysML for the conceptual design phase was shown by following the VDI 2221 guideline, which has similar components to other proposed design processes. Further the number of files has reduced significantly from five documents to one integrated product model. This leads to more convenience in storing and retrieving information and enables the setting of relations among different modeling aspects. That would not have been possible with paper based methods where these aspects are spread around in different documents. With its powerful syntax, SysML is a strong candidate for formalized product information representation, especially for non-geometric information where current CAD and PDM methods lag. With customization to mechanical engineering and development of modeling standards and libraries for product requirements, functions, working principles, physical effects and their structures and inter-relations, SysML has potential to provide a powerful basis for creating a digital, integrated product model to support mechanical and mechatronic concept design. Such libraries will (1) encode the knowledge of current paper-based resources for concept design in a computer-readable form, (2) ease the required modeling effort of designers, (3) provide a modeling standard on which the library content can be extended and customized, and (4) increase the potential for model re-use.
